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Introduction
Women from families with a high incidence of breast and ovarian cancer (hereditary breast and ovarian cancer; HBOC) have increased risks of both these cancers, especially women with a germline mutation in the BRCA1 or BRCA2 genes [1, 2] . Risk-reducing salpingo-oophorectomy (RRSO) is advised to all BRCA1 and BRCA2 mutation carriers between age 35-40 and 40-45 respectively [3, 4] . It is hypothesized that surgical menopause as induced by premenopausal RRSO increases fracture risk more than natural menopause, because of earlier age at menopause and acute and complete cessation of ovarian hormone production [5, 6] .
Current practice to identify women at risk of developing fractures is measurement of bone mineral density (BMD) by Dual-Energy X-ray absorptiometry (DXA) [7] . Previous studies on BMD and fracture incidence after surgical menopause provided conflicting conclusions, as some suggested lower BMD and higher fracture incidence [5, 8, 9] , while others did not find a difference compared to age-matched controls [10, 11] . Assessment of bone turnover by measuring bone turnover marker (BTM) levels after RRSO may be a useful addition to BMD measurement. BTMs may provide information on the influence of RRSO on both bone formation and resorption [12] . Furthermore, BTMs in blood or urine might predict fracture risk independently of BMD [12, 13] .
It has been shown that BTMs increase rapidly within one month after surgical menopause and remain increased until at least one year after surgery [14] [15] [16] [17] . Bone resorption marker levels seem to increase faster than bone formation markers [14] [15] [16] 18 ], but after several months to years, their ratios appear to normalize [14] [15] [16] [17] [18] . Studies comparing BTMs after surgical and natural menopause report conflicting results; one study showed increased resorption marker levels after surgical menopause compared to natural menopause, while others found no differences in BTMs between the groups [19] [20] [21] . Therefore, we compared BTMs in a group of women ! 2 years after RRSO at premenopausal age to age-matched reference values. Furthermore, we aimed to identify factors that characterize women with elevated BTMs after premenopausal RRSO.
Methods

Study population and protocol
At the University Medical Center Groningen family cancer clinic, all women with HBOC or BRCA1/2 mutations have been registered since 1994 [4] . Between February 2011 and May 2012, all women with HBOC or BRCA1/2 mutations who had undergone RRSO before the age of 53 at least two years before, were invited for osteoporosis screening. Women filled in a questionnaire and were screened according to a protocol including measurement of height, weight, collection of blood samples, and BMD measurement. Results on standard diagnostic procedures for osteoporosis in this study were described elsewhere [11] . Two women were excluded from the current analyses because their BTMs were not measured. All women gave written informed consent for inclusion in the study.
The institutional ethics review board of the UMCG stated that the study did not fall under the scope of the Medical Research Involving Human Subjects Act as the study was considered as a part of standard care. A waiver for ethical approval was provided. IGW, IEF, MJEM, EMA, JL and EV provided individual patient care and were involved in data collection for this study. These authors had access to identifying patient data during data collection as they were involved in patient care. The other authors had no access to the identifying patient data.
Reference data for BTM levels were retrieved from an existing local reference cohort of 350 healthy Dutch women. Menopausal status of reference women aged 50 years was not known. Reference women aged > 50 were ! 5 years postmenopausal with serum 25(OH)D3 (25OHD) levels >50 nmol/L and LS and hip BMD T-score > -2.5.
Laboratory assessments
Non-fasting blood samples were obtained between 9:00 a.m. and 4:30 p.m. Serum samples were stored within 1 hour after collection at -20˚C until analysis. Calcium and albumin were measured by colorimetric assay (Roche Modular P, Mannheim, Germany; inter-assay coefficient of variation (IE-CV) < 2.0% and < 1.8%; lower detection limit 0.05 mmol/L and 10 g/L for calcium and albumin respectively). Phosphate was measured by photometric UV assay (Roche Modular P, Mannheim Germany; IE-CV< 2.6%; lower detection limit 0.1 mmol/L). Serum 25OHD was measured by isotope dilution-online solid phase extraction liquid chromatography-tandem mass spectrometry [22] . Method specifications were: level of quantification 4.0 nmol/L; IE-CV < 14.1%; recovery 93-98%; linearity r 2 = 0.997. Accuracy was secured by the use of reference material from the National Institute of Standards & Technology (Gaithersburg, MD). Serum 25OHD was considered low when < 50 nmol/L between October and April and < 75 nmol/L between April and October. Thyroid stimulating hormone (TSH) was measured by electrochemiluminescence immunoassay (Roche Modular E; Mannheim, Germany; IE-CV < 2.3%; lower detection limit 0.005 mU/L). PTH was measured by immunoluminometric assay (Cobas e 601, Roche; Mannheim, Germany; IE-CV < 3.2%, lower detection limit 0.040 pg/L). Bone turnover was assessed by measurement of the levels of bone formation markers osteocalcin (OC), intact procollagen type I N-terminal propeptide (PINP) and bone resorption marker serum C-telopeptide of type I collagen (sCTx).
OC was measured by immunoradiometric assay (BioSource Europe S.A, Nivelles, Belgium; IE-CV 9.4%). OC levels were expressed in μg/L and Z-scores to correct for the influence of age. PINP levels were measured by using a radioimmunoassay (Orion Diagnostica, Espoo, Finland; IE-CV 9.0%) PINP levels were expressed in in μg/L and Z-scores. sCTX was measured by Electro-chemiluminescence immunoassay (Elecsys 2010; Roche, Mannheim, Germany; IE-CV 10.8%). sCTx levels were expressed in pg/ml and Z-scores.
Clinical measurements
Fractures and risk factors for osteoporosis were assessed by questionnaire, based on the questionnaire used at our fracture and osteoporosis outpatient clinic [23] . The questionnaire was sent to the women before the visit and missing or inconsistent answers were discussed and corrected if indicated during the visit.
BMD of the lumbar spine (LS; anterior-posterior projection at L1-L4) and femoral neck (FN) were measured by DXA using a Hologic Discovery A densitometer (Hologic Inc., Bedford, MA). BMD was expressed in grams per cm 2 , BMD Z-scores and T-scores. BMD Z-scores present the number of standard deviations (SD) that an individual's BMD differs from the mean BMD in a cohort of white age-matched women. T-scores present the numbers of SD from the mean peak BMD in women aged 20-30 years. Z-and T-scores were retrieved from the Hologic DXA machine and calculated using the standard reference databases for Hologic in the Netherlands were used [24, 25] . A T-score -2.5 was considered as osteoporosis, based on the lowest T-score of either LS or FN.
Statistical analysis
Results were expressed as median (inter quartile range [IQR: 25 th and 75 th percentile]) for continuous data and as number (%) for dichotomous data. BTM Z-scores were used to correct for the influence of age on bone turnover marker levels. A BTM Z-score represents the number of SDs an individual's BTM level differs from the mean BTM level in a cohort of age-matched women. Z-scores were calculated by the following formula: (BTM value of individual patientmean BTM value /SD of matched 10-year reference cohort. The difference between PINP and sCTx Z-scores was calculated to determine the relative difference in bone formation and resorption. To compare BTMs after RRSO with BTMs in age matched controls, median Zscores for BTMs were compared with a hypothetical median Z-score of 0 in the general population using Wilcoxon's signed-rank test. Medians were used as BTM Z-scores did not follow a normal distribution in our study cohort.
To identify factors associated with elevated BTM Z-scores, linear univariate and multivariate regression analyses were performed. Women with recent fractures (i.e. within 12 months before BTM level measurement) or BTM affecting medication (current use of HRT or aromatase inhibitors (AI) or ever use of anti-osteoporotic drugs (AOD)) were excluded from the regression analyses, because these factors are supposed to strongly affect BTMs and therefore could mask relations between BTM levels and other independent variables. Factors included for univariate regression analyses were study population specific characteristics (e.g. factors related to RRSO and history of breast cancer), bone related characteristics and factors associated with BTMs in literature. Dichotomous variables with N ! 5 for each option were included. Multivariate regression analyses were performed with manual conditional stepwise backward inclusion of variables that had a p-value < 0.25 in univariate analysis. Comparison of BTM Z-scores between women that were included versus those that were excluded from regression analyses was done by using the Mann-Whitney U test, Chi Square Test or Fisher's Exact Test when applicable.
Statistical analyses were performed with IBM SPSS Statistics 20 software (SPSS, Chicago, III). p-values < 0.05 were considered significant.
Results
Study population
Of the 254 women eligible for inclusion, 212 women agreed to participate (Fig 1) . Two women were excluded because blood sampling and thus measurement of BTMs was not possible. The median age at time of study participation was 44 years (IQR 41-49 years; Table 1 ). Median age at RRSO was 42 years (38-46) and median time since RRSO was 5 years (4) (5) (6) (7) (8) . Of all women, 75 (36%) had a history of fractures, 21 (10%) had fractures at adult age and 16 (8%) had one or more fractures after RRSO. Details on fracture type in women before and after RRSO are provided in S1 Table. For the regression analyses 75 women were excluded because of recent fractures (N = 6) and/or BTM affecting medication (N = 71). Compared to the women included for regression analyses, these excluded women were significantly younger at the time of the study and at time of RRSO, had lower BMIs, had lower absolute BMD in grams/cm 2 but not BMD Z-score for both LS and FN and had higher calcium and phosphate levels (S2 Table) .
Bone formation markers OC and PINP
Median OC level for all women was 13.0 ng/ml (IQR 9.8-15.3). Median OC Z-score was 0.11 (-0.65-1.34; Fig 2) , which was significantly higher than the theoretical median Z-score of 0 in the reference cohort (p = 0.003). Median OC Z-score in women included for regression analysis was significantly higher than in the women excluded for regression analysis (Fig 2) . Results for univariate analyses are shown in Table 2 . In multivariate analysis, OC Z-scores were higher in women who were younger at time of RRSO (β -0.098 per year), had lower femoral neck BMD Z-score (β -0.425 per SD, and had higher corrected serum calcium ((β 5.573 per mmol/ L) and phosphate levels (β 3.193 per mmol/L; Table 3 ).
Median PINP level for all women was 52.1 ng/ml (IQR 38.1-71.8).Median Z-score was 0.84 (-0.35-2.13; Fig 2) , which was significantly higher than the theoretical median Z-score of 0 in the reference cohort (p < 0.001). Median PINP Z-score in women included for regression analysis was significantly higher than in the women excluded for regression analysis (Fig 2) . In multivariate analysis, PINP Z-scores were higher in women who were younger at the time of RRSO (β -0.157 per year) and had a shorter time since RRSO (β -0.121 per year; Table 3 ).
Bone resorption marker sCTx
Median sCTx level for all women was 246 pg/ml (IQR 160-133).Median Z-score of 0.53 (-0.33-1.45; Fig 2) , which was significantly higher than the hypothetical median Z-score of 0 in the reference cohort (p < 0.001). Median sCTx Z-score in women included for regression analysis was significantly higher than in the women excluded for regression analysis (Fig 2) . In multivariate analysis, sCTx Z-scores were higher in women who had lower lumbar spine Zscores (β -0.373 per SD) and used HRT in the past (β 0.565 for users compared to non-users; Table 3 ).
Difference between Z-scores for PINP and sCTx
The median difference between Z-scores for PINP and sCTx for all women was 0.27 (-0.48-1.14) (Fig 3) . This difference was similar in the women that were in-and excluded for regression analyses. Younger age at RRSO was correlated with an increasing positive difference between PINP and sCTx Z-score.
Discussion
Within this consecutive series of 210 women that underwent RRSO before age 53, with a median time after RRSO of 5 years, OC, PINP and sCTx levels were significantly higher than age-matched reference values. After excluding women with recent fractures and those using BTM affecting medication, Z-scores for bone formation markers were higher in women with younger age at time of RRSO. No significant correlation was found between BTM Z-scores and history of fractures or breast cancer. Our finding that BTMs after RRSO were higher than age-matched reference values is partially in line with the results of Morgante et al. [20] , who reported higher plasma OC and urinary deoxypyridoline levels in women with surgical menopause compared to age-matched premenopausal women, but not to age-matched women with natural menopause. In univariate regression analyses, Z-scores for all BTMs were significantly higher in women aged 50 years compared to women aged > 50, which is in line with the finding that BTM levels after surgical menopause differ more from premenopausal then from natural menopausal women. Also partially in line with our results, are the observations of Ohta et al. [19] who reported higher serum levels of type I carboxy-terminal pyridinoline cross-linked telopeptide within three years after surgical menopause compared to natural menopause, but not after three years and not for other bone resorption markers. In this study, women more than three years after surgical menopause appeared to be older and had a longer time interval after menopause than our study population. Garcia-Perez et al. [21] showed similar levels of serum OC and urinary Ntelopeptide of type I collagen in women with surgical and natural menopause, but in that study women with natural menopause were significantly older than women with surgical menopause, thus it can not be ruled out that women with surgical menopause had a higher bone turnover than women after natural menopause matched for age. Several factors were significantly correlated with BTMs in multivariate analyses. Most importantly, there was an inverse correlation between age at RRSO and BTM Z-scores for OC and PINP. This might indicate that every years a woman is younger at time of RRSO, is associated with significantly higher bone formation marker levels after correction for chronological age. To our knowledge, this association was not investigated in previous studies. The finding might indicate a more profound effect of RRSO on bone turnover when surgery is performed at a younger age. Also, there was a positive correlation between OC Z-scores and corrected serum calcium levels, which is in contrast with earlier findings [26, 27] and a positive correlation between OC levels and phosphate levels, which is in line with some [26] , but not all earlier findings [27] . PINP Z-scores were negatively correlated with time since RRSO, which might indicate that with a longer time interval after RRSO BTMs will normalize to age-appropriate values. Higher OC and sCTx Z-scores were correlated with lower BMD, which indicates that high bone turnover is associated with bone loss after RRSO. This was seen before for OC [20] and sCTx [14] .
Last, we found a correlation between past HRT use and higher sCTx Z-score, which is in line with earlier findings that after cessation of HRT use, sCTx levels increase significantly [28] . In contrast, current HRT use is associated with a significant increase in BMD and decrease in BTMs [29, 30] . In our study population, the 24% of the included women using HRT had significantly lower BTM Z-scores and were excluded for regression analysis. Although, HRT is effective in improving BMD and preventing fractures, prescribing HRT after the age of natural menopause is not advised in BRCA mutation carriers with RRSO after the age of natural menopause [31] .
Treatment with AI increases bone turnover and decreases BMD [32] , and women using AI often receive AOD for prevention, thus we excluded these women from the regression analyses. Of the women included for regression analyses, 53 (39%) had a history of breast cancer, but this was not correlated with BTMs. There were no women with clinical symptoms of bone metastases. However, because of the exclusion of a significant number of breast cancer patients from the regression analyses, we cannot exclude an effect of history of breast cancer on BTMs.
The median difference between Z-scores for PINP and sCTx reflects the difference in formation and resorption of collagen relative to age-matched controls. This difference can be considered as a marker for absolute bone turnover. We found a median difference of 0.12 (-0.64-1.15), which was significantly higher than 0 in the reference population. There was an inverse relation between age at RRSO and the difference between Z-score for PINP and sCTx. The clinical implications of this finding are unknown; however it does not suggest an imbalance favouring bone resorption after RRSO. As there are no earlier studies that have reported on this difference between PINP and sCTx Z-scores, there is a need for more studies on the clinical interpretation of findings on the relative difference between these markers.
Strengths of this study are the unselected sample that is representative of a patient population with surgical menopause due to RRSO, and the large study population compared to earlier studies. Furthermore, BTMs were presented as Z-scores to increase comparability with other studies, as was advised by Vasikaran et al. [12] . Limitations of the study are that we were not able to fully correct for several factors that influence BTMs, such as diurnal variation and the timing of food intake. As it is known that BTMs decrease during the afternoon and after ingestion of a meal [12] , not correcting for these factors could have attenuated elevated BTMs. The percentage of women with surgical menopause in the reference cohort was unknown, but the prevalence of surgical menopause in the general population is low. In addition, women with RRSO before age 53 were assumed to be premenopausal before RRSO, but some reported to be postmenopausal at that time. Women who were postmenopausal before RRSO had lower OC and PINP Z-scores in univariate analyses. Both factors might have caused underestimation of the effect of RRSO on BTMs.
The clinical implications of BTM elevation after RRSO are unknown, but elevated BTMs have been shown to predict elevated fracture risk in longitudinal population studies, independent of BMD [12, 13] . This might tone down the reassuring findings of our previous study in this study population, which showed that BMD and fracture incidence after RRSO were comparable to population data [11] . Although we did not find a correlation between BTMs and fracture incidence in this cross-sectional study, longitudinal studies are needed to evaluate the long-term clinical implications of elevated BTMs after RRSO.
In conclusion, this study shows that after a median time of 5 years after premenopausal RRSO, BTMs are elevated compared to age-matched reference values, especially in women with RRSO at younger age. In this cross-sectional study, no relation between elevated BTMs and fracture incidence was shown. However, as elevated BTMs predict elevated fracture risk in the general population, prospective studies are required to evaluate the long-term clinical implications of elevated BTMs after RRSO. Table. Characteristics of the women who were in-and excluded for regression analysis on BTMs after RRSO. Women ever using AOD, currently using AI or HRT or with recent fractures were excluded. (DOC)
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